Background: Sunlight is one of the main harmful exogenous factors that induce the reactive oxygen species formation. The human skin is the first line of photoprotection against harmful exogenous factors, such as UV radiations. The topical application of sunscreens, containing UV-B filters, is widely used to protect against UV-induced damage. Octylmethoxycinnamate is the world's most widely used UV-B filter in sunscreens. However, recent studies have demonstrated that this substance is an endocrine disruptor compound and with potential to damage DNA. Thus, the safety of this organic filter is a current concern for human health, and it was urgent to develop new photoprotective strategies. In this sense, due to the potential to neutralize the UV-induced free radicals, the use of antioxidants as UV filter stabilizers presented as a novel promising strategy. Research: The purpose of this review was to assess the use of antioxidants as stabilizers for UV-B filter octylmethoxycinnamate. For this, we discuss the chemical and physical characteristics of UV-B filter octylmethoxycinnamate, emphasizing the stability, photostability, and reactivity of this UV filter. The use of antioxidants in sunscreens will also be addressed, from a perspective of the main characteristics that allowed their use in sunscreen formulations. Then, the concomitant use of both was described from a historical and physical chemical perspective, always emphasizing the advantages and disadvantages of this association. Conclusions: The combination of antioxidants with UV-B filter octylmethoxycinnamate in appropriated formulations represents a viable strategy to protect the human skin against UV-induced damage.
Background
Sunlight is one of the main harmful exogenous factors that induce the reactive oxygen species (ROS) formation. Infrared energy (above 760 nm), visible light (400-760 nm), and ultraviolet (UV) light (below 400 nm) are included in the sunlight spectrum (Petruk et al. 2018) . UV radiations can be further divided in , , and UV-A (320-400 nm), from lowest to highest energy level. Photobiological effects in humans occur mainly due to UV-B and UV-A radiation exposures, since UV-C radiations cannot cross the Earth's atmosphere (Maipas and Nicolopoulou-Stamati 2015; Mancebo et al. 2014 ).
Contrarily, UV-B radiation represents 5-10% of all UV radiation reaching the Earth's surface (Skotarczak et al. 2015) , and the other 90-95% are UV-A radiation. Both radiations cause photobiological effects such as sunburn, pigmentation problems, synthesis of vitamin D 3 , immunosuppression, and carcinogenesis (Maipas and Nicolopoulou-Stamati 2015; Skotarczak et al. 2015; Touitou and Godin 2008) and damage to DNA and other cellular structures (Burnett et al. 2012; Mancebo et al. 2014; Touitou and Godin 2008) . However, these photobiologic effects in humans are mainly due to UV-B radiation (Lopes and McMahon 2016; Nunes et al. 2018) . For this reason, the use of UV filters in sunscreens has increased in the last decade as a photoprotection strategy (Krause et al. 2012; Lorigo et al. 2018) .
Octylmethoxycinnamate (OMC, also known by ethylhexylmethoxycinnamate or octinoxate) is the world's most widely used UV-B filter in sunscreens. Due to its potential risks to damage DNA (Duale et al. 2010; Necasova et al. 2017; Sharma et al. 2017 ) associated to the demonstrated endocrine disruptor effects (Lorigo et al. 2019; Schlumpf et al. 2001; Schlumpf et al. 2004) in humans, the safety of this organic filter is a current concern for human health. Antioxidants have a potential to neutralize the UV-induced free radicals (Addor 2017; Dunaway et al. 2018) , so their use as UV filter stabilizers is a novel photoprotective strategy (Galanakis et al. 2018; Wang et al. 2011) .
The purpose of this review was to assess the use of antioxidants as stabilizers for UV-B filter OMC. For this, a literature review was performed for the UV-B filter octylmethoxycinnamate photo-instability and for the protective role of antioxidants. Specifically, we discuss the chemical and physical characteristics of UV-B filter octylmethoxycinnamate, emphasizing the stability, photostability, and reactivity of this UV filter. The use of antioxidants in sunscreens will also be addressed, from a perspective of the main characteristics that allowed their use in sunscreen formulations. Then, in a final topic, the association of antioxidants with UV-B filter OMC was discussed. The concomitant use of both was described from a historical and physical chemical perspective, always emphasizing the advantages and disadvantages of this association.
UV-B filter octylmethoxycinnamate photoinstability
Octylmethoxycinnamate (OMC) is the world's most widely used UV-B filter. OMC is present in more than 90% of personal care products (PCPs), including sunscreens (Zucchi et al. 2011) , and is listed as an endocrine disruptor compound (EDC) by the European Union's database (Lorigo et al. 2018; Sharma et al. 2017 ). This UV-B filter is an organic filter once its protective effects occur by absorbing high-energy photons of UV-B radiation (Burnett et al. 2012; Mancebo et al. 2014) . OMC is a cinnamate which is part of the group of p-methoxycinnamic acid derivatives. This UV filter is characterized as being an aromatic compound with an unsaturated bond between the aromatic ring and the carboxyl group (Wang et al. 2016) . Its maximum absorption peak occurs at a wavelength of λ = 311 nm, and its molar absorption coefficient (ε) is approximately 22.000-24.000 M −1 cm −1 (quite high) (Pangnakorn et al. 2007) .
In sunscreens, the OMC can be found only in E-OMC isomer (trans-isomer), while in other PCPs, it may be present in both isomers (E-OMC or Z-OMC) (Pegoraro et al. 2015) . This UV-B filter is photo-unstable because, when exposed to sunlight, OMC undergoes a photoisomerization of trans-isomer to cis-isomer as shown in Fig. 1 , and loses efficiency as photoprotective agent (Miranda et al. 2014; Pattanaargson et al. 2004) . Despite the known photo-isomerization of OMC, the topical application of this UV filter (alone, or in a UV-filter mixture) is well tolerated, with little or negligible skin irritation, adverse reactions (erythema, edema, papules, or vesicles), and phototoxic or photoallergenic effects (Benevenuto et al. 2015; Darvay et al. 2001; Duale et al. 2010; Tampucci et al. 2017 ). However, some authors reported an increased toxicity as a result of breakdown of OMC following UV irradiation (Butt and Christensen 2000; Duale et al. 2010; Hanson et al. 2015) . This breakdown of OMC may result in cellular process interferences or in induction of oxidative damage on the human skin (Duale et al. 2010 ). When exposed to sunlight, both OMC isomers form photoproducts (4-methoxybenzaldehyde (4-MBA) and 2-ethylhexanol (2-EH)) that can further may dimerize in various cyclodimers (MacManus-Spencer et al. 2011 ). These photoproducts, including cyclodimers, have different levels of cellular toxicity and may even be more toxic than OMC itself (Duale et al. 2010; Stein et al. 2017) . They can sensitize singlet oxygen ( 1 O 2 ) and lead to ROS formation, but this mechanism needs to be explored (Hanson et al. 2006; Hanson et al. 2015) . Some toxicological and genotoxic studies reported that OMC-induced genotoxic effects for both isomers seems to be different (Necasova et al. 2017; Sharma et al. 2017) . For example, studies on adult human liver stem cells and human lymphoblastoid cells demonstrated that cis-isomer causes a significantly higher DNA damage effects than trans-isomer (Sharma et al. 2017 ). Moreover, another study also showed that upon UV exposure, OMC significantly alters the gene expression of several genes and the expression of p53 protein (Duale et al. 2010) . In summary, the photo-instability of UV-B filters is an urgent problem, and therefore, they have received special attention today. In the case of OMC, the potential risks of this organic filter for DNA damage associated with endocrine disrupting effects are a current concern for human health. In this sense, it was necessary to develop new formulations of sunscreens in order to stabilize these filters (such as OMC) and increase their protective effect, increasing their efficiency and safety. Thus, the use of formulations with antioxidant seems to achieve these characteristics, and their use is already a reality for the stabilization of this UV filter.
Protective role of antioxidants
Antioxidants were defined by Sindhi et al. (2013) as any substance that in low concentrations can delay the oxidation of proteins, carbohydrates, lipids, and DNA (Sindhi et al. 2013) . They can be natural or synthetic and are divided into three groups: the first line defence antioxidants which include superoxide dismutase, catalase, glutathione reductase, and some minerals (e.g. Se, Cu, Zn); the second line defence antioxidants which include glutathione, vitamins C and E, albumin, carotenoids, and flavonoids among others; and the third line defence antioxidants which include a complex group of repair enzymes for DNA and proteins, oxidized lipids, and peroxides (e.g. Protease, DNA repair enzymes, etc.). Thus, the antioxidants neutralize the effects of reactive oxygen species (Sindhi et al. 2013 ) that in a physiological process are produced in cellular metabolism, through a balance between free radicals and antioxidants. When there is an imbalance between these two components, the formation of ROS is favoured, and they may also participate in a pathological process known as oxidative stress (Petruk et al. 2018 ). This process is a set of multiple mechanisms that include protein and lipid alterations, induction of inflammation, immunosuppression, DNA damage, and activation of signalling pathways including gene transcription, cell cycle, proliferation, and apoptosis (Dunaway et al. 2018 ). Therefore, the ROS level regulation is crucial to maintain the normal skin homeostasis and oxidants, through a ROS-formation neutralizing, which can protect humans from certain diseases.
As mentioned above, the exposure to ultraviolet light triggers rapid generate and increased ROS in skin cells, which consequent increase oxidative stress (Addor FASa 2017; Dunaway et al. 2018; Petruk et al. 2018) . When this process occurs, the cell induces the transcription and translation of new enzymes involved in repair process. If the cell can neutralize the negative effects of stress injury, it will readapt, and the physiological antioxidants levels will be restored. Otherwise, in cases where stress is excessive or prolonged, the cell will not be able to recover and will undergo a programmed cell death (Petruk et al. 2018 ). This process is schematically illustrated in Fig. 2 . Due to its potential to neutralize the UV-induced free radicals (Addor FASa 2017; Dunaway Antioxidant response of the skin cells following oxidative stress injury. UV radiations increase the ROS levels, and oxidative stress occurs. When this process occurs, firstly, the endogenous antioxidants try to suppress the formation of ROS formation. Then, endogenous antioxidants cooperate with exogenous antioxidants and together suppress the propagation reactions. This cooperation induces the synthesis of new enzymes that will repair cell damage. Finally, if the cooperation is effective, the cell will survive after a period of re-adaptation, and the physiological antioxidants levels will be restored. Otherwise, in cases where stress is excessive or prolonged, the cell will not be able to recover and will undergo a programmed cell death et al. 2018), the use of antioxidants to stabilize UV filters in sunscreens is a novel photoprotective strategy (Galanakis et al. 2018; Wang et al. 2011 ). This idea is attractive because there are two layers of protection in a single sunscreen. Firstly, UV filters offer their protection by absorbing and reflecting harmful UV rays from the skin (passive protection). Then, antioxidants increase the natural antioxidant reserves of the human body, which are then able to eliminate any ROS generated from UV that has passed through UV filters (active protection).
Plants synthesize different kinds of natural antioxidant metabolites. In these sense, plants can be good allies, as these compounds can be used to protect the human skin (Galanakis et al. 2018) . Some examples of these antioxidants are phenolic compounds, ascorbic acid, and carotenoids, derived from different plant species. These active compounds protect the skin by prevention of UV radiation penetration and reduction of inflammation and oxidative stress by inhibition of free radical reactions UV-induced in cells, and influence various pathways of survival signalling by modulation of endogenous antioxidant and inflammatory systems (Addor FASa 2017; Galanakis et al. 2018; Petruk et al. 2018) . The topical application of antioxidants reduced UV-induced edema, epidermal hyperplasia, and overexpression of matrix metalloproteinases (MMP) (Katiyar et al. 1995; Vayalil et al. 2004) . Moreover, the combinations of vitamins C and E and polyphenolic extracts also demonstrated photoprotective effects, including in humans (Camouse et al. 2009; Elmets et al. 2001; Li et al. 2009; Lin et al. 2005) .
Another study also reported that sunscreen-containing UV filters and antioxidants (spirulina and dimethylmethoxy chromanol) had a clear protective effect in the UV region, preventing UV-induced ROS generation in the skin (Souza et al. 2017) .
Please note that for this strategy to be effective against the ROS formation in the skin, antioxidants must penetrate the skin and remain active for several hours (at least the permeation time on the sun). Moreover, they must be photostable and active against different species of free radicals (Dunaway et al. 2018; Jung et al. 2012; Wang et al. 2011) . The use of antioxidants in sunscreens can be a protection against photoinduced radical reactions, which occur naturally in any sunscreen due to activity of organic or inorganic UV filters. However, the antioxidant activity always depends on several factors: hydrophilic or lipophilic solubility, reactivity towards determined radical species, and radical inhibitory mechanisms. Therefore, the formulation is a crucial parameter for the generation and propagation of radicals. In this sense, it is important that the efficacy of each antioxidant be evaluated for each specific sunscreen (Jung et al. 2012) .
Association between antioxidants and UV-B filter octylmethoxycinnamate
In the constant development of photostable cosmetic products with a broad spectrum of sun protection and, at the same time, effective against UV-induced DNA damage, manufacturers have started to find several alternative strategies. One of them is the addition of antioxidants to the cosmetic formulations (Wang et al. 2011 ). Due to this strategy, to prevent or reduce the free radical-induced damage by solar irradiation, it is a strategy currently explored (Damiani et al. 2006a (Damiani et al. , 2006b . In this sense, several studies have tried to find and analyse the effect of the combination of some antioxidants with the UV-B filter OMC. A summary of these investigations can be seen in Table 1 .
Most of the research developed to date has focused on the addition of antioxidant supplements, such as vitamins C and E. The role of these compounds will be to stimulate the body's natural reserves (the endogenous antioxidants) and, on the other hand, neutralize the ROS formation from intrinsic and extrinsic factors, such as cell metabolism or UV radiations, respectively (Wang et al. 2011 ). The first study, in 2003, was performed by Hanson and Clegg and demonstrated improvements in a sunscreen photoprotection (with OMC and avobenzone filters) through the bioconversion of these antioxidant supplements. Through the addition of bioconvertible antioxidants vitamin E acetate and sodium ascorbyl phosphate, there was a conversion of vitamins E and C, respectively. This bioconversion formed an antioxidant reservoir that deactivated the UV-induced ROS formation that has still passed through UV filters (Hanson and Clegg 2003) .
Other strategies that have been proposed to improve the sunscreen's effectiveness against ROS formation was the synthesis of a compound, which in the same molecule would exhibit absorption capacity, such as a UV filter, and have the antioxidant capacities. For this, Damiani et al. (2006a Damiani et al. ( , 2006b proposed the combination of OMC with the piperidine nitroxide TEMPOL, which has antioxidant properties. The proposed combination reduced the UVinduced damage in the skin. Therefore, the authors suggest that novel sunscreen antioxidant or other nitroxide-based sunscreens in formulations may be good strategies to explore in the future (Damiani et al. 2006a (Damiani et al. , 2006b ).
In the same year, 2006, Wakefield and Stott showed that a cosmetic formulation with micronized titanium oxide (TiO (2)) and manganese-doped titanium oxide (TiO (2):Mn) particles, butyl methoxydibenzoylmethane (BMDM), OMC, and vitamins C and E has increased the UV filter retention and reduced ROS formation (Wakefield and Stott 2006). Another concern of the cosmetic industry is the development of formulations offering protection for both UV-A and UV-B radiations and, at the same time, having a reduced concentration of UV filters. Also, in these cases, the use of antioxidants seems to be an asset. A research study performed by Velasco et al. (2008) showed that a cosmetic formulation with OMC and rutin, an antioxidant flavonoid, induces a synergistic effect in relation to the sun protection factor UV-A and UV-B, once this antioxidant alone offers protection against UV-A radiation (Velasco et al. 2008 ). In the same year, the Damiani research group continues their work which was published in 2006 (Damiani et al. 2006a (Damiani et al. , 2006b and synthesizes a novel 'multi-active' UV absorber, based on OMC in which the methoxy group has been replaced with a pyrrolidine nitroxide bearing antioxidant activity (Venditti et al. 2008) . The results obtained were very interesting once this novel filter proved to be as photostable as OMC after UV-A exposure. Moreover, it not only acted as free radical scavenger, but also reduced the UV-A-induced lipid peroxidation in liposomes and cells and had comparable antioxidant activity to that of vitamin E and BHT (two antioxidants commonly used in skin care formulations). Also, a noncytotoxic effect to the human skin fibroblasts was verified. This novel filter when combined with DHHB presented a concomitant reduction of UV-induced ROS damage. Thus, these results suggested that nitroxide/ antioxidant-based UV absorbers can be a good challenge in reducing the number of ingredients in cosmetic formulations (Venditti et al. 2008) .
In 2008, Gaspar and Campos suggested that the presence of UV filters (like OMC) can be considered interesting for the reduction of skin irritation. The authors discovered that the most suitable formulation that meets these requirements is a formulation containing the combinations of vitamins A, C, and E with photostable UV filters (which contain OMC, benzophenone-3 (BP-3), and octocrylene (OC)) (Gaspar and Campos 2007). In 2010, the same author also reported that the photostabilizers (diethylhexyl 2,6-naphthalate (DEHN) and benzotriazolyl dodecyl p-cresol (BTDC)) influenced the stability of OMC An emulsion formulated with melatonin-loaded elastic niosomes and OMC had a high antioxidant activity. Azizoglu et al. 2017 2017 Melatonin and pumpkin seed oil A sunscreen formulation comprising avobenzone, OMC, oxybenzone, and titanium dioxide along with melatonin and pumpkin seed oil is nontoxic and safe in animal models, in a pre-clinical study. Bora et al. 2017 associated with vitamins A and E. The photostabilizer BTDC was considered the best in formulations that contain OMC combined with both vitamins A and E (Gaspar and Patricia Maria Berardo 2010) .
In addition to research with antioxidant supplements (vitamins A, E, and C), other antioxidants were studied regarding the photostability of OMC (Gaspar and Campos 2007; Gaspar and Patricia Maria Berardo 2010; Wakefield and Stott 2006) . For example, Scalia and Mezzena (2010) analysed the influence of quercetin (a flavonoid with the highest antioxidant activity) on the sunlight-induced degradation of the methoxydibenzoylmethane (BMDBM)-OMC sunscreen combination, under realistic conditions of use of sun-protective products. The authors demonstrated that low concentration of quercetin significantly reduced the photodegradation of the UV-A and UV-B filter combination (BMDBM/OMC), without altering the performance of the sunscreen preparation. Thus, it seems that this natural antioxidant promotes an increase of both UV filters' photostability, reducing the UV-induced ROS formation. Comparative photodegradation studies demonstrated that low levels of quercetin were much more effective than the commonly used stabilizer, octocrylene, or other antioxidants such as vitamin E, for example. In summary, the authors suggest that due to its multiple effects as antioxidant, photostabilizer, and chelating agent, the incorporation of quercetin into BMDBM and OMCcontaining cosmetic formulations is of utmost importance to improve efficacy and safety (Scalia and Mezzena 2010) .
Another worrying aspect is the lack of information about the effects of these formulations on the antioxidant defence, metalloproteinases, and inflammatory processes in the skin, as responses against UV radiations. This is important because UV radiation can decrease the endogenous levels of glutathione (GSH), one of the major endogenous defence mechanisms against ROSinduced UV radiation formation. In addition, this radiation increases the secretion of MMP, a family of proteolytic enzymes that contribute to skin photoaging and metastatic cell dissemination in skin carcinoma, degrading not only collagen but also elastin of the skin. An increase of the activity of myeloperoxidase (MPO), an inflammation biomarker, in the skin was also evidenced after exposure to UV radiation (Vilela et al. 2013) . In this sense, a research performed by Vilela et al. (2013) showed that a cream gel formulation containing the UV filters BP-3, OMC, and octyl salicylate was not completely effective to protect the skin against GSH depletion, metalloproteinase-9 secretion, and the UV-induced inflammatory process. The results obtained by these authors highlight the importance of analysing the UValtered biochemical parameters, to create new fully effective and protective formulations against UV-induced damage in the skin (Vilela et al. 2013) . Moreover, cutaneous permeation is another aspect that cannot be overlooked when the topical application of sunscreens containing antioxidants is investigated (Freitas et al. 2015) . In this sense, Freitas et al. (2015) demonstrated that formulations containing four UV filters (octocrylene, OMC, avobenzone, and bemotrizinole) and supplemented with trans-resveratrol (RES), beta-carotene (BTC), or both compounds in combination are advantageous for cutaneous penetration. The authors concluded this since BTC and BTC + RES presented improvements in the sunscreen safety by a reduction of delivery of UV filters in the study into the stratum corneum and viable epidermis (Freitas et al. 2015) .
In , de Oliveira et al. (2016a , 2016b ) de Oliveira et al. 2016a natural ingredients (such as rutin) for the improvements they can offer in sun protection effectiveness (de Oliveira et al. 2016a (de Oliveira et al. , 2016b Peres et al. 2016) . Firstly, the authors designed rutinentrapped gelatin nanoparticles and associated them with UV filters, including OMC. The results were interesting because these nanoparticles were functionally characterized and presented themselves as a safe SPF enhancer in sunscreens, in association with UV filters such as the OMC. Specifically, the authors show that nanoparticles increased antioxidant activity by 74% relative to free-rutin solution. Moreover, an increase of 48% in SPF was achieved evidencing a synergistic effect between nanoparticles and filters. However, the results of photostability assays showed that this strategy cannot reduce OMC isomerization (de Oliveira et al. 2016a (de Oliveira et al. , 2016b . In another study of the same year, the authors also investigated the safety and efficacy of gelatin-based nanoparticles associated with UV filters, including OMC. The results showed that these nanoparticles are safe (in vivo and in vitro) and effective once they increase the antioxidant protection of the emulsions developed. However, the authors failed to improve SPF with rutin in the in the nanosized material (de Oliveira et al. 2016a (de Oliveira et al. , 2016b . Later, the same authors re-emphasized rutin as a promising bioactive compound candidate for improved photoprotection, demonstrating that rutin when applied to UV-B filters shows photoprotective gain (mainly UV-A) and has potential to eliminate ROS (Peres et al. 2016 ). Recently, in 2017, Azizoglu et al. (2017) proposed an emulsion formulated with melatonin-loaded elastic niosomes and OMC, in which the UV filter was accumulated on the upper skin while the antioxidant, melatonin, can penetrate deeper layers. The results showed that the proposed formulation had a high antioxidant activity and may be a promising dual therapy for UV-induced skin damage with co-delivery strategy (Azizoglu et al. 2017 ). In the same year, Bora et al. (2017) performed a pre-clinical study, with which the authors demonstrated that a sunscreen formulation comprising of four US FDA-approved UV filters (namely avobenzone, OMC, oxybenzone, titanium dioxide) along with melatonin and pumpkin seed oil is nontoxic and safe in animal models. The authors suggest that this formulation, with additional preclinical studies, may be a good candidate for further trials to establish its efficacy, tolerability, and applicability (Bora et al. 2017) .
Conclusions
Ultraviolet radiations are one of the main factors to cause oxidative stress in our skin cells. Although the skin has endogenous antioxidant systems that allow it to protect itself, this protection is not 100% effective. The cosmetic industry has therefore tried to create new sunscreens containing UV filters to protect us. However, there are still some gaps that researchers are trying to overcome, namely that the UV-induced ROS formation is further stimulated when there is a previous absorption of sunscreens/solar filters. Another issue that concerns the scientific community is the photostability of these filters when exposed to UV radiations. When we focus on UV-B filter OMC-the world's most widely used UV-B filter in sunscreenswe find it, worryingly, that none of these issues has a definite solution yet. Therefore, to answer these and many other issues, new strategies have been tested; one of them is the addition of antioxidants as stabilizers for UV filters. The goal is the same, to achieve more effective protection against the ROS formation (and consequent cellular damage) after exposure to UV radiation. At present, the combination of sunscreens or cosmetic formulations with UV filters and antioxidants is already at the consumer level. Several studies have attempted to make combinations between the OMC and numerous antioxidants; however, there are no formulations capable to protect 100% humans against the harmful effects of UV radiation. Thus, despite the advances in cosmetic formulations against all components of the solar spectrum, the need to dress clothing as protection, the sun exposure at times where rations are smaller, and the search of shade must be emphasized. In addition, the application of sunscreens is not always the most correct, so future formulations should take this into account, with more studies of penetration and bioavailability.
In summary, the combination of antioxidants with UV-B filter octylmethoxycinnamate in appropriated formulations represents a viable strategy to protect the human skin against UV-induced damage; however, more studies are necessary to increase the knowledge concerning this problem and improve the quality of human life. 
